Introduction
Ovarian cancer is the fifth leading cause of cancer-related deaths resulting from gynaecological malignancies worldwide (1) .
Over 204,000 newly diagnosed cases and 125,000 mortalities related to ovarian cancer are estimated each year globally (2) . Epithelial ovarian cancer (EOC) is a major subtype of ovarian cancer that accounts for 90% of ovarian cancer cases (3) . Although recent advancements have been achieved in clinical and experimental oncology, the long-term survival of patients with EOC remains unsatisfactory with a five-year survival rate of only 35% (4) . Malignant growth, tumour recurrence, metastasis and poor response to chemo-/radiotherapy are mainly responsible for the poor treatment outcomes of EOC patients (5) . In addition, the molecular mechanisms underlying EOC oncogenesis and malignant development are poorly defined, thereby limiting the efficiency of clinical treatment (6) . Therefore, identifying the molecular mechanisms of EOC pathogenesis and progression will greatly benefit the development of therapeutic methods to improve the prognosis of patients with EOC.
MicroRNAs (miRNAs/miRs) are a group of endogenous, non-coding and short RNA molecules that are normally expressed in animals, plants and certain viruses (7) . miRNAs are considered as novel gene regulators that regulate gene expression by directly binding to the 3'-untranslated regions (3'-UTRs) of their target mRNAs to induce mRNA degradation and/or translation inhibition, thereby reducing the expression of the associated protein products (8) . Half of the human miRNAs are located at cancer-related genomic regions, suggesting that miRNAs may play crucial roles in carcinogenesis and cancer progression (9) . Considerable empirical evidence suggested that miRNAs are aberrantly expressed in almost all types of human malignancies and are implicated in the regulation of many cell behaviours, including cell growth, cycle, apoptosis, metastasis and differentiation (10) (11) (12) . miRNAs may play tumour-suppressive or oncogenic roles in human cancers depending on the cellular context and their target genes (13) . Therefore, restoring or inhibiting miRNAs may be attractive therapeutic strategies for anticancer therapy.
miR-655-3p (miR-655) is aberrantly underexpressed in several types of human cancers, such as hepatocellular carcinoma (14, 15) , oesophageal squamous cell carcinoma (16, 17) and breast cancer (18) . However, the expression pattern and biological roles of miR-655 in EOC and the underlying mechanisms for its functional significance remain unknown. In this ). All these cells were maintained at 37˚C in a humidified atmosphere containing 5% CO 2 . Cells in logarithmic phase were harvested for subsequent usage. miR-655 mimics and negative control mimic (miR-NC) were purchased from GenePharma (Shanghai, China). To knock down VEGF expression, small interfering RNA (siRNA) targeting the expression of VEGF (si-VEGF) and negative control siRNA (si-NC) were chemically synthesized by Ribobio (Guangzhou, China). VEGF restoration plasmid (pcDNA3.1-VEGF) and empty pcDNA3.1 plasmid were produced by GeneCopoeia (Guangzhou, China). Cells were seeded into 6-well plates one day prior to transfection. These molecular products were introduced into cells using Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) in accordance with the manufacturer's protocol.
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
The total RNA was extracted from tissue samples or cultured cells by using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.), following the manufacturer's instructions. To quantify miR-655 expression, the complementary DNA was synthesised using a TaqMan MicroRNA Reverse Transcription Kit and then subjected to qPCR by using a TaqMan MicroRNA assay kit (both from Applied Biosystems; Thermo Fisher Scientific, Inc.). U6 snRNA was used as the internal control for miR-655 expression. To detect VEGF mRNA expression, reverse transcription was performed using a PrimeScript ® RT reagent kit (Takara Biotechnology Co., Ltd., Dalian, China). Subsequently, VEGF expression was determined using a SYBR Premix Ex Taq™ kit (Takara Biotechnology Co., Ltd.). GAPDH served as the internal reference for VEGF expression. Relative gene expression was analysed by the 2 -ΔΔCq method (19) .
MTT assay. The transfected cells were collected at 24 h post-transfection, prepared as a single-cell suspension and seeded at a density of 3,000 cells per well into 96-well plates. Cell proliferation was determined using MTT assay at 0, 24, 48 and 72 h post-inoculation. At every time point, 20 µl of MTT solution (5 mg/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was added into each well, which was then incubated at 37˚C for another 4 h. After the supernatant was discarded, 150 µl of dimethyl sulfoxide (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was added into each well to dissolve the crystals. After gentle agitation for 15 min, the absorbance was detected at a wavelength of 490 nm with an enzyme-linked immunosorbent detector (De Tie Inc., Nanjing, China).
Transwell invasion assay. Transwell chambers coated with
Matrigel (8 µm pores; BD Biosciences, San Jose, CA, USA) were employed to assess cell invasive ability. A total of 1x10 5 transfected cells, which were suspended in 200 µl of DMEM without FBS, were plated into the upper chambers. The lower chambers were filled with 500 µl of DMEM supplemented with 20% FBS to serve as a chemoattractant. After 24 h incubation at 37˚C, the cells remaining on the upper surface of the Transwell chambers were gently removed using a cotton swab. The invaded cells were fixed in 75% ethanol, stained with 0.5% crystal violet and washed with PBS. The number of invaded cells was counted under an inverted microscope (Olympus, Tokyo, Japan) in five randomly selected fields.
Bioinformatic prediction and luciferase reporter assay. TargetScan (https://www.targetscan.org) and microRNA. org (www.microrna.org/microrna/) were used to predict the putative targets of miR-655. The wild-type (Wt) 3'-UTR of VEGF containing predicted miR-655 binding sequences and mutant (Mut) 3'-UTR of VEGF was chemically produced by GenePharma, and subcloned into the pGL3 reporter vector (Promega, Madison, WI, USA). Cells were plated into 24-well plates, and cotransfected with Wt or Mut VEGF 3'-UTR reported plasmid and miR-655 mimics or miR-NC using Lipofectamine 2000, according to the manufacturer's instructions. The pRL-TK plasmid with constitutive expression of Renilla luciferase (Promega) was also transfected into cells. After 48 h of incubation, luciferase activities were analzyed using a dual-luciferase reporter assay system (Promega). Firefly luciferase activities were normalized to Renilla luciferase activities.
Western blot analysis. To extract the proteins, cells or homogenised tissues were lysed in radioimmunoprecipitation assay lysis buffer (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China). The protein concentrations were evaluated using a BCA Protein Assay kit (Nanjing KeyGen Biotech Co., Ltd.). Equal amounts of protein were separated by 10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). The membranes were blocked with TBS containing 0.1% Tween-20 (TBST) with 5% skim milk and incubated overnight at 4˚C with primary antibodies: Mouse anti-human monoclonal VEGF (ab1316; 1:500 dilution; Abcam, Cambridge, UK) and mouse anti-human monoclonal GAPDH antibody (ab110305; 1:500 dilution; Abcam). Thereafter, the membranes were washed three times with TBST and incubated with goat anti-mouse horseradish peroxidase-conjugated IgG secondary antibodies (ab205719; 1:5,000 dilution; Abcam) at room temperature for 2 h. After thrice washing with TBST, the protein signals were visualised using an enhanced chemiluminescence detection system (Pierce; Thermo Fisher Scientific, Inc.). GAPDH was used as the loading control.
Statistical analysis. Data were expressed as the mean ± standard deviation, and analyzed with SPSS software version 18.0 (SPSS, Inc., Chicago, IL, USA). Group differences were evaluated using two-tailed Student's t-test or one-way analysis of variance followed by Student-Newman-Keuls post hoc test. The association between expression levels of miR-655 and VEGF mRNA was determined using Spearman's correlation analysis. P<0.05 was considered to indicate a statistically significant difference.
Results

miR-655 expression is downregulated in EOC tissues and cell lines.
To investigate the functional significance of miR-655 in EOC, we measured miR-655 expression in 23 pairs of EOC tissues and adjacent non-neoplastic ovarian tissues by using RT-qPCR. The results revealed that miR-655 expression was decreased in EOC tissues relative to that in non-neoplastic ovarian tissues (P<0.05; Fig. 1A ). In addition, the expression level of miR-655 in four human EOC cell lines (SKOV3, OVCAR3, ES-2 and CAOV-3) and a human normal ovarian epithelial NOEC cell line was detected. Compared with NOEC, miR-655 was significantly downregulated in the four EOC cell lines (P<0.05; Fig. 1B ). SKOV3 and OVCAR3 cells expressed relatively lower miR-655 expression compared with the other two EOC cell lines. Therefore, they were selected for the subsequent experiments.
miR-655 inhibits EOC cellular proliferation and invasion in vitro.
Given that miR-655 was underexpressed in EOC, we hypothesised that miR-655 may play crucial roles in EOC progression. To test our hypothesis, miR-655 mimics was transfected into SKOV3 and OVCAR3 cells to increase endogenous miR-655 level. The results of RT-qPCR analysis revealed that transfection with miR-655 mimics significantly increased the miR-655 expression level in SKOV3 and OVCAR3 cells compared with that in cells transfected with miR-NC (P<0.05; Fig. 2A ). MTT assay was performed to investigate the effects of miR-655 overexpression on EOC cellular proliferation. As shown in Fig. 2B , resumption expression of miR-655 significantly reduced the proliferation of SKOV3 and OVCAR3 cells (P<0.05; Fig. 2B ). To investigate whether miR-655 affects EOC cell invasion ability, Transwell invasion assay was conducted on SKOV3 and OVCAR3 cells that were transfected with miR-655 mimics or miR-NC. The results indicated that miR-655 upregulation substantially reduced the invasion abilities of SKOV3 and OVCAR3 cells (P<0.05; Fig. 2C ). Taken together, miR-655 may play a tumour-suppressive role in EOC development.
VEGF is a direct target gene of miR-655 in EOC cells.
To clarify the mechanism underlying the tumour-suppressive roles of miR-655 in EOC, bioinformatics analysis was performed to predict the putative targets of miR-655. VEGF, a well-known oncogene in EOC (20) (21) (22) (23) (24) , was a candidate target gene of miR-655 (Fig. 3A) . Luciferase reporter assay was performed to examine whether miR-655 could directly interact with the 3'-UTR of VEGF. The results revealed that ectopic expression of miR-655 significantly reduced the luciferase activities of the reporter plasmid carrying the wild-type (Wt) 3'-UTR of VEGF in SKOV3 and OVCAR3 cells (P<0.05). However, upregulation of miR-655 exhibited no significant effect on the luciferase activities of the reporter plasmid containing the mutant (Mut) 3'-UTR of VEGF (Fig. 3B) .
To explore the relationship between miR-655 and VEGF in EOC, RT-qPCR analysis was conducted to detect VEGF mRNA expression in 23 pairs of EOC tissues and adjacent non-neoplastic ovarian tissues. The expression level of VEGF mRNA was significantly higher in EOC tissues than in non-neoplastic ovarian tissues (P<0.05; Fig. 3C ). Furthermore, Spearman's correlation analysis indicated an inverse association between miR-655 and VEGF mRNA in EOC tissues (r=-0.5564, P=0.0058; Fig. 3D ). Moreover, we evaluated the effects of miR-655 overexpression on VEGF expression in SKOV3 and OVCAR3 cells by using RT-qPCR and Western blot analysis, respectively. Enforced expression of miR-655 in SKOV3 and OVCAR3 cells significantly reduced VEGF expression at both mRNA (P<0.05; Fig. 3E ) and protein (P<0.05; Fig. 3F ) levels. These results suggested that VEGF is a direct target of miR-655 in EOC cells.
VEGF knockdown simulates the tumour-suppressing roles of miR-655 overexpression in EOC.
Considering that VEGF is a direct target of miR-655, we hypothesised that the tumour-suppressive roles of miR-655 in EOC cells could be imitated by VEGF knockdown. To confirm this hypothesis, VEGF siRNA was transfected into SKOV3 and OVCAR3 cells to knock down VEGF expression. VEGF protein expression was silenced effectively in SKOV3 and OVCAR3 cells after transfection with VEGF siRNA (P<0.05; Fig. 4A ). Similar to miR-655 restoration, VEGF knockdown retarded the proliferation (Fig. 4B, P<0 .05) and invasion (P<0.05; Fig. 4C ) of SKOV3 and OVCAR3 cells. These results further suggested that VEGF is a direct target of miR-655 in EOC.
VEGF reversed the miR-655 overexpression-induced suppression of cellular proliferation and invasion of EOC.
To ascertain whether VEGF mediates the inhibitory roles of miR-655 overexpression in EOC cells, SKOV3 and OVCAR3 cells were simultaneously co-transfected with miR-655 mimic and VEGF restoration plasmid pcDNA3.1-VEGF or empty pcDNA3.1 plasmid. After transfection, Western blot analysis demonstrated that the downregulation of VEGF protein caused by miR-655 overexpression was recovered in SKOV3 and OVCAR3 cells after cotransfection with pcDNA3.1-VEGF (P<0.05; Fig. 5A ). In addition, subsequent functional assays indicated that recovered VEGF expression could significantly eliminate the suppressive effects on proliferation (P<0.05; Fig. 5B ) and invasion (P<0.05; Fig. 5C ) of SKOV3 and OVCAR3 cells induced by miR-655 overexpression. These findings suggested that miR-655 inhibits EOC cell proliferation and invasion partly by downregulating VEGF expression.
Discussion
In recent years, miRNAs have been shown to be deregulated in EOC, and their deregulation is involved in EOC formation and progression by regulating the expression of numerous cancer-related genes (25) (26) (27) . Moreover, miRNAs have been recognised as promising prognosis biomarkers and effective therapeutic targets of EOC (28) . Hence, it is of great importance to further determine the detailed roles and underlying mechanisms of miRNAs involved in EOC and to identify novel targets for diagnosis, prognosis and treatment of patients with EOC. Here, we found that miR-655 expression was significantly downregulated in EOC tissues and cell lines. Functional analysis revealed that the enforced expression of miR-655 significantly restricted EOC cell proliferation and invasion in vitro. Additionally, we identified VEGF as a direct target gene of miR-655 in EOC cells. Furthermore, inhibition of VEGF simulated the inhibitory effects of miR-655 overexpression in EOC cell proliferation and invasion. Moreover, recovered VEGF expression effectively counteracted the inhibitory effects on EOC cells due to miR-655 overexpression. Our findings suggested that miR-655 suppresses cell proliferation and invasion in EOC by directly targeting VEGF. miR-655 is differentially expressed in multiple human cancer types. For instance, miR-655 is downregulated in hepatocellular carcinoma, and their downregulation is strongly correlated with tumour size, microvascular invasion, portal vein tumour thrombosis status, TNM stage and distant metastasis (14, 15) . Hepatocellular carcinoma patients with low miR-655 expression exhibits shorter survival periods than patients with high miR-655 levels. In addition, miR-655 is identified as an independent risk factor for patients with hepatocellular carcinoma (14) . In oesophageal squamous cell carcinoma, miR-655 expression is low in tumour tissues, and this low miR-655 expression is significantly associated with lymph node metastases (16) . Oesophageal squamous cell carcinoma patients with low miR-655 expression have poorer progression-free survival compared with patients with high miR-655 levels (17) . In triple-negative breast cancer, miR-655 expression is reduced in tumour tissues and cell lines, and this decreased miR-655 expression is strongly correlated with the molecular-based classification and lymph node metastasis of triple-negative breast cancer (18) . These findings suggested that miR-655 may be a valuable biomarker for the diagnosis and prognosis of these specific tumour types.
Dysregulation of miR-655 is closely associated with carcinogenesis and cancer progression of various human malignancies. For example, miR-655 overexpression restricts cell proliferation, migration, invasion and epithelial-to-mesenchymal transition of hepatocellular carcinoma by directly targeting ADAM10, ZEB1 and TGFBR2 and indirectly regulating the β-catenin pathway (15, 29) . Wang (16) and Chang (17) et al revealed that ectopic expression of miR-655 inhibits cell growth and metastasis in vitro by blocking PTTG1. Lv et al reported that upregulation of miR-655 significantly reduces cell migration, invasion and epithelial-to-mesenchymal transition of triple-negative breast cancer by regulating Prrx1 (18). Liang et al found that miR-655 re-expression restricts cell proliferation and motility and induces the apoptosis of pituitary tumour by regulating the p53/PTTG1 feedback loop (30) . Zhang et al showed that restoration expression of miR-655 represses cell proliferation and invasion and induces the apoptosis of retinoblastoma by directly targeting PAX6 and suppressing the ERK and p38 MAPK signalling pathways (31) . These findings suggested that miR-655 might be an attractive therapeutic target for patients with these cancer types.
Identification of the targets of miR-655 in EOC is vital for the development of effective therapeutic strategies for patients with this disease. In our study, VEGF, a 35-45 kD heparin-binding glycoprotein, was demonstrated to be a direct target gene of miR-655 in EOC. It is reported to be overexpressed in several types of human cancer, such as gastric cancer (32) , retinoblastoma (33) , hepatocellular carcinoma (34) and colorectal cancer (35) . VEGF expression is also upregulated in EOC, and this upregulation is correlated with tumour grade and stage (20, 36) . EOC patients with high VEGF expression show shorter overall survival than those with low expression. VEGF expression is an independent prognostic factor in EOC patients (20, 21) . Aberrantly highly expressed VEGF is involved in EOC onset and development, and it regulates diverse biological processes, including cell proliferation, migration, invasion, apoptosis and angiogenesis (21) (22) (23) (24) . Hence, VEGF knockdown using miR-655-based targeted therapy may be an effective therapeutic method for patients with EOC.
In conclusion, the present study showed that miR-655 was downregulated in EOC tissues and cell lines. In vitro functional experiments demonstrated that miR-655 inhibited cellular proliferation and invasion of EOC. Mechanistically, VEGF was validated as a direct target gene of miR-655 in EOC cells. The present results indicated that miR-655 may be a potential therapeutic target in EOC. However, we do not employ laser microdissection method to collect the adjacent non-neoplastic ovarian tissues. This is a limitation of our study.
